
/ A0 A0b9 693 NAVAL POSTGRADUATE SCHOOL MONTEREY CALIF F~ G /3 
N 1PROBABILITY DENSITY FUNCTIONS OF BREAKING WAVES.(U)

JUN 76 6 SCHAEFFER
UNCLASSIFIED NL

~~~ oeL~~~~~~~~~~~~~~~~~~~~~~

j

_  

_
_  

fl: tflI
_  _ _ _ _ _ _ _

11±1011110
END
DAn
n.s.A

12-79
0DC

____



2.8 11112.5

Jill 22

I ~ ~ lilIl~°

(lift ’ .25 ((f((~
.
~• IfllI~

MICR’)~ OPY RESOLUTION TEST CHkqT
NA ~ BURL AU - r A N C  ~~~~~~~~~



P - T~__________

/ (
~NAVAL POSTGRADUAT E SCHOOL

IMontere y, California

~
,7  / 7/ PRO BABILITY DENSITY FUNCTIONS /

OF ~REAKING WAVES

by

ceorge/schaeffer . III

• 1 ’ / ~~~~
Thesis Advisor : B. B. Tho~~ ton

Approve d for pub lic release ; distribution ~.u~lirnited.

/ 1 / ~I —~ ‘ / ‘



_ _  _ _
_

_ _
_

_ _
_ _______ -

~~~~~~~~

SECURITY CLASSIF ICATION OF T I.,IS PAGE (W1~w Die. Eni.r.d)

REPORT DOCUMENTATION PAGE BEF RE CO FORM
I. REPORT NUMSER 

~~ ~~~~~ ACC~~5SION NO. 3. REC IPIE~~r~S C A T A L O G  N uM B E R

4. T ITL E (ond Subflel .) S. TY PE OF REPORT & PERIOD COVERED

Probab ili ty Dens ity Functions Master ’s Thesis ;
of Breaking Waves June 1978

a. PERFORMING ORG. REPORT NUMBER

7. AIJ T I4OR (a) I. C O N T R A C T  OR G R A N T W L j M B L R ( a )

George Schaeffer III

9. PERFORMING ORGA NIZAT ION NAM E AN D ADD RESS 0. PROGRAM ELEMENT . PRO,JECT , T A SK
A R EA  A WORK UNIT NUM BE RSNaval Postgraduate School

Monte rey , California 93940

I I  C O NTR OL L ING OFFICE NAME ANO AOO RESS 12. REPORT D A T E

Nava l Pos tgraduate School June 1978
Monterey,  California 93940 ‘3 .  ~i U M S E RO F  P A G E S

_______________________________________________ 

67
14 , MONIT ORING AGENCY NAME A AOO RESS(J I dlU•rme e from Controlling Oftic.) 15. S ECURITY CLASS. (of thai ,iDorl )

Naval Postgraduate School Unclassified
Monterey, California 93940 _________________________

15.. OECLA S5IFICAT I0N/30WN0RA0I14 0
SCHEDULE

16. DISTRIBUTION STATEMENT rot At. R.pon)

Approved for public release; distribution unlimited .

17. OI51’QI BUTION STATEMEN T (of IA. ab.tract .rt.r.d In Block 20, II dlf t.r.n t tro~~ R.port)

IS. SUPP LEMENTARY NOTES

IS. K EY WORDS (Continu• on roy.,.. .id• if n.c. ...,y ~~d id.n Iif, . by block nemsb.r)

20. A BSTRAC T (Conttnu. on iv.,.. .Sd. U n.c...aev med ld.net& by block rn ub.r)

~.Waves in the surf zone are a highly nonlinear process which
is evident by the appearance of secondary waves. The secondary
waves appear as strong peaks in the period PDFs corresponding tc
the first harmonic of the peak of the wave spectrum. The strong
first harmonic period peak is also reflected in the highly
correlated height and velocity PDFs.

DO JAN 73 1473 EDITION OF I NOV 66 IS OSIOLET!

~Pao’e 1’ S/N 0 1 0 2 0 l4~~66OI
SECURITY CLASS1FICATION oF Twis  PAGE (~~ e.ø D.f~ Snt.r.d)

.1.

—..-—-- .- _ _ _  _ _ _  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _



C~~CUW1 TY CLAS %IF ’C* ’ION O~ TW IS • *G t( W hme ta., . £,.t...d

~Breaking waves may be viewed as a gradation between two
extremes. The period , height and velocity PDFs for spillin g
break ers generally were unirnodal , whereas for plunging
breakers s trong bimo da ’.ity was found.

The joint p robability density functions for periods and
heights of the breaking waves show high correlation (0.60-
0.30) which says that greater wave periods are associated
with larger breaker heights. The joint PDFs of per iod and
particle velocity , and velocity height suggest that the
maximum onshore particle velocities are correlated with both
the wave periods and wave heights.

Due to the high probab ility of the secondary waves , the
mean wave period for breakers is a poor descriptor of the
average period of the offshore incident waves.\

DD Forn~ 1473
S, ’~~ ~~~~ Pfll4~66Ol $tC~4

WI?V CLA IBIF ICATION OF T$I$ P&OE(~~~.n Di’a F~
?~~•4I

L .~~- 
. .

~~~ -—— -- -, - -—- - —---- ~~~~~~~~~~~~ . ~~~~~~~~~~~~



Approved for public release ; distribution unlimited.

Probab ility Dens ity Functions
of Breaking Wave s

by

George Schaeffer III
Lieutenant , United States Navy
B. S. , Aibright College , 1971

Submitted in partial fulfillment of the
requirements for the degree of

MASTER OF SCIENCE IN OCEANOGRAPHY

from the
NAVAL POSTGRADTJAT SCHOOL

June 1978

Author _________________________________________

Approved by:  �~ /LI/?Z..4.J ~S. 7Zei4i2~ Thesis Advisor

~~~ u~~4~~U Second Reader

I~ I C
1’~—’ ~~~~ *

Chairman , ~epartmene of Oceanography

Dean ~ Sc ience and Engineering

L



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -... -~ - - . .- - -- -- - -~~ 

ABSTRACT

Waves in the surf zone are a highly nonlinear process

which is evident by the appearance of secondary waves. The

• secondary waves appear as strong peaks in the period PDFs

corresponding to the first harmonic of the peak of the wave

• spectrum. The strong first harmonic period peak is also

reflected in the highly correlated heigh t and velocity PDFs .

Breaking waves may be viewed as a gradation between two

e~ trernes . The period , height and velocity PDFs for spillin g

break ers generally were unimodal , whereas for p lunging

b reakers s trong bimodality was found.

The joint probability dens ity functions for periods and

heights of the breaking waves show high correlation (0.60-

0.80) which says that greater wave periods are associated

with larger breaker heights. The joint PDFs of period and

particle velocity , and velocity and height , suggest that the

maximum onshore particle velocities are correlated with both

the wave periods and wave heights.

Due to the high probability of the secondary waves , the

mean wave period for breakers is a poor descriptor of the

average period of the offshore incident waves.
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I . INTRODUCTION

waves in deep water can generally be represented to a

first approximation as a Gaussian process having zero skew-

ness and kurtosis equal to three. The random sea surface

is viewed as the linear superposition of statistically inde-

pendent spectral  components which is adequately  described

by the energy density spectrum. The restriction of statis-

tical indepen dence imp li.es the wave components act as free

waves and there is no coup ling or interaction between

various spectral components.

As the wave s begin to sho al, the crests become more

peaked , and the troughs become more elongated; this results

in a positive value of the third statistical moment , i.e.,

the probability density distribution of sea surface eleva-

tions become s skewed to the right. The skewness is a result

of phas e coup1i~~ of the wave components , wh ich is indica-

tive of the increasing importance of the non-linearities

of the sys tem.  This initially weakly non-linear system

found in shallow wa ter may be adequately described by a

Gram-Charlier probability distribution (Longuet-Hi ggins ,

1963).

Near breaking waves become asymmetrical about the crest

with a continually steepening of the wave face . Miller

(1976) has shown that a jet is then formed at the wave

crest at breaking ,  which extends forward and then down

8
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• until it closes :zith the forward face of the breaking wave

form. The asymmetry about the wave crest yields a change

in the fourth moment , or kurtos is , which is also indicative

of the incre asing non-linearicies. Thornton et al. (1976)

have noted that secondary wave formation becomes apparent

on the trailing face of the wave form , due to transfer of

energy from th~ primary frequency to its harmonics which

also points to a s trongly nonlinear sys tem.

This thesis uses data collected as described by Calvin

(1975) and Ols en (1977) plus additional data collected by

the author. The experiments were designed to measure the

sea surface elevation and the onshore particle velocities

by means of capacitance wave gauges and electromagnetic

flowmeters , respectively . The experiments were conducted

at a variety of beaches in order to include wave types of

spilling, plunging , and collapsing forms . The characteris-

tics of the breaking wave forms are a function of the off-

shore wave spec trum and the nearshore bo ttom slope and

topography, where the increasing beach slope increases the

rapidity of the breaking of the waves.

Empirical distributions were obtained for the periods ,

wave heights , and maximum onshore particle velocities , for

wave s which had been de f ined by the zero-up-cross  method.

Each of these distributions was compared with the Rayleigh

probability density function (PDF). Joint PDFs of periods

and wave heights , maximum velocities and wave heights , and

periods and maximum veloci t ies  were calculated.

9



I I .  HISTORICAL BACKGRO UN D

A. QUALITATIVE DESCRIPTION

Thornton et al. (1976) have described a n umber of ob-

served universal similarities for the various types of

breakers occurring on di f f e r en t  beaches .  Normally there is

a quick drawdown of water just before the breaker arrives ,

followe d by a steep , nearly vertical leading edge . Miller

(1976 ) suggests  that  subsequent to the development of the

leading vertical edge , a jet forms at the crest. This j e t

progress ive ly  extends i t se l f  fo rwar d and down un t il  it u n i t e s

wi th  the forward s lope of the breaking wave , resulting in

the formation of a vortex wi th  a circulat ion around a

cavi ty . When the tip of the “jet” touches the forward slope

of the breaking wave , the resulting force forms a second

we aker vortex in front of the f i rs t one . In this manner , a

series of vortices yields a series of large , s ingle  pulse

eddies , which contribute to the rapid decay of the wave

during bre aking. it  has been found tha t  the magnitudes of

bre aker vortice s are general ly correlated with  a gradation

from p lung ing  to sp i l l ing breakers .

Thornton et al.  (1976) have observe d a slop ing p ro f i l e

toward the tra f ling ed ge of the wave . Secondary wave s are

frequently noted on the trailing edge both on the analog

s t r ip  charts , Fi gure 1, and by visua l observations in the

f i e ld .  The secondary waves have been observe d to grow during

10
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Fi gure 1. Strip Chart  Record of Sea Surface  :levation s
and Pa r ti c l e  Ve loc i t i e s .
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the shoaling process , especial ly  jus t p r io r  to bre aking

when the primary waves are steepening significantly. The

secon da ry wave s are a resul t  of the t r ans fe r  of energy from

the primary wave f requency to harmonics , and help maintain

the po ten t ia l  energy across the surf zone.

Gallagher (1971) has p hotographed  secondary wave fo rma-

• tion occurring across reefs . lIe suggests  that  the secon dary

waves are brough t abou t by a response to ver t ica l  accelera-

tion near the fron t of a broken or bre aking swel l .  Wh en the

amplitude and sur face  curvature of a shal low water wave ex-

ceed cer tain values , the non-linearities of the vertical

accelerations bring soliton wave forms into being.

Figure 1 shows that the maximum particle velocity occurs

near the time of maximum surface elevation . It can also be

noted  in Figure 1 that  there are secondary veloci ty  maxima

whi ch corre.late wi th  the secondary surface elevation maxima .

The secondary velocity peaks also are a result of the non-

linearity associated with the breaking wave .

B. ENERGY DENSITY SPECTRA OF BR AKING WAVES

In order Co b e t t e r  unders tand the PDFs as determined in

this study, the energy density spectra measured by Calvin

(1975) and Ol sen (1977) were reviewed. The energy density

spectrum is proportional to potential wave energy within a

frequency band. The energy dens ity spectrum , G
~
(f), indicates

how the variance , ~~2 , is distributed over frequencies , f ,

where 
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~~~~~~~~~~ --

2 G~~
( f) d f  (1)

0

(Kinsman , 1965).

• The ene r gy density spectra , as es t imated  from the sea

surface elevation records , were used to find the frequency

of peak density and the occurrence of harmonics . The powe r

spectra tha t  we re measured by Galvin showed a peak densi ty

ove r the frequency range of 0 .061  to 0 .092  Hz (16 .4  to 10.9

see) .  Firs t , secon d and th i rd  harmonics can be observed

as shown in the spectra  of surface elevation and hor izonta l

velocities for 4 Uarch 1975 . Add i t iona l ly ,  subbarmonics

were observed at 0.011 and 0 . 9 2 2  Hz in the ve lo city spectra .

Galvin (1975) has suggested that the observed low frequency

sub-harmonic peaks may be due to edge waves in the surf zone.

Thornton et al. (1976) note that the appearan ce of strong

harmonics coul d be real due to secondary waves or artificial

due to Fourier analysis of a peaked wave form. It is noted

tha t  secondary maxima of n are apparen t in the s tr ip chart

record shown in Figure 1. It is felt that the secondary

spectra l  peaks are real since secondary wave s appear on the

s t r ip cha r t s .

C. PRO3ABILITY DENSITY FUNCTIONS OF PERIODS AND HEIGHTS

Studies of the PDFs of per iod , height , and wave lengths

have been con ducted over the last 20 years . The major i ty

_ _  •
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of these studies have been mainly concerned with theoretical

or deep water  aspects  of the problem.

The theoret ical  di s tr ibution of wave amplitudes for a

narrow-banded Gaussian surface elevation in deep wa t e r , was

shown b y Longuet-Higgins (1952) to be a Raylei gh distr ibu-

tion . Tay fun ( 1 9 7 7 ) ,  in s tudying  the tran s fo rmation of deep

water  waves to shallow water  waves , showe d that  the Ray leigh

dis t r ibu t ion  for wave ampl i tude  was generally app l icable to

all ban dwi dths . Us ing the assumption that  the wave height

is twice the wave amplitude , the wave heigh t PDF is then re-

presen ted  by:

p (H) dH = exp -H~~ dli (2)

where ~ is the variance of the surface elevation . Using

pressure  records in the Gulf of ~exico , Longuet-Higgins

(1975) observe d that the Raylei gh dis tr ibut ion f i t  the ob-

serve d distribution reasonably well. He found that there

is a slight  excess of waves wi th  hei gh ts  near the mi ddle

of the range and a de f i c i t  at the two ext remes .  Since much

of the high frequency port ions of the wave re cords are fil-

tered out by the pressure transduce r, Longuet-Higgins (1975)

suggests that the narrow-band approximation may not be as

app licable for the u n f i l t e r e d  re cords . In shallow water

wi th much s teeper  waves , the d i s t r ibu t ion  can again be

expected to be less app l i cab le  due to the non- l inea r i t i e s

which become increasingly impor tan t .

15
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Since the s t a t i s t i c s  of H and T for  a broad-banded

spectrum were s t i l l  somewhat unclear , Coda ( 1970) s imulated

wave p ro f i l e s  using an i n f i n i t e  series where the amplitude s

we re spec i f i ed  b y various theore t i ca l  spec t ra  and the phase

• was random wi th  a computer .  He then e xamined the s imulated

wave records for  surface e levat ion , c r e s t -t o -tr o u g h wave

heights  and zero-up-cross  wave hei ght s .  lie found that  for

the zero-up-cross ing determination of wave hei ghts , the Ray-

lei gh distr ibution is a good approximation i r respec t ive  of
• the spectra l  width .

Go da (1970) suggests that the deviation of the wave

height  dis tr ibution from the: Ray lei gh type in shal low water

should be considered separate ly from the ch an ge in the fun c-

tional shape of the wave spectrum . It mus t be a highly non-

linear phenomenon , which requires full analysis with the

theory of non-linear wave spectra .

Bretschneide r (1959) investi gated the PDFs of wave

hei ghts , H , wave lengths , L , and wave period s , T. He con-

elude d from his empir ical  s tudy that  in deep water  wave

systems , the PDFs of wave hei ghts and lengths can be approxi-

mated by a Rayleigh distribution . Using the relationship ,

wave length p roport ional  to period squared for  deep wa te r

linear wave s , he conclude d tha t  the PDF of periods square d

is a Rayle igh PDF given b y

2 E
p ( T )  = 2 . 7k  exp - 0 . 6 7 5  (3)

where ~ is the me an period.

16 
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Us ing s imulated wave data , Goda (1970) found tha t  the

crest-to-crest periods squared were generally not well ap-

proxirnated by the Ray leigh PDF . The mean and standard devia-

tions of the periods by this  method were found to be a

funct ion of the spectral  width . He found that  the periods

• determined by the zero-up-cross  method are only in f a i r

• agreemen t with Bretschneider (1959). If the waves are of

the type which have sharp ly peak ed spect ra , double peaked

spec tra , or a flat spectrum , Bretschneide r’s (1959)  distri-

but ion was t o t a l ly  in disagreement wi th  that of the simu-

lated waves .

Contrary to Bretschneider (1959) and Coda (1970),

Longuet-Fliggins (1975) noted that in general the deep water

wave periods wer e bell shaped (bu t no t Gaus s ian ) .  lie def ines

the per iod PDF when calculated by the zero-up-cross method

as ,

1
= 

2 ~~ ‘ ~ 
= ( T — < r > ) / <T >  (4)

2(1+ri )

where <~~~> is the me an period and -
~~ is p ropor t i ona l  to

the spectral width where

v = (~ 2 1~~0 ) ½ ( < T > / 2~~) (5)

and and 
~2 are the zero and second moments of the

energy spec t rum.

Koele and de Bruyn ( 1964) , Coda ( 1 9 6 7 ) ,  and Siefe r t

(1970) have observed that the distribution of waste heights

in shallow water does not correlate well with the Ray 1ei~ h

~ 
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distribution . Kuo and Kuo (1974) have suggested that this

is due to: 1) the non-linear effects of wave interaction s

yie ld ing  more larger wave s , 2)  the e f f e c t  of bo t tom f r i c t i o n

yie ld ing  a reduction in the low frequency components , and

3) the e f f e c t s  of wave b reaking ,  which would t r unca t e  the

d i s t r ibu t ion  and tran s fer  some of the k i n e t i c  energy to the

hi gh frequency comp onents .  There fore the  PDFs of wave

heights  with  a certain i n t e n s ity ,  may be conside red to ap-

proxi raace a con dit ional  Rayle igh di s t r i bu t i on  t runca ted  by

• the local breaking height.

A zero-up -cross analysis was conducted on waves measure d

on a reef b y Black (1978) ,  who then comp ared the obser~zed

dis t r ibut ion wi th  the Ray leigh , t runca ted  Ray le igh , and

the Weibull distributions. He observed that the truncated

Ray lei gh d is t r ibut ion  f i t  wel l  for  those waves in the breaker

zone when the heights were depth limited. The truncated

Ray leigh distribution did not fit well for those waves

measured e i ther  inshore or o f f s h o r e  of the bre aker zon e.

He has found that a Weibull distribution more closely approx-

imated these measure d distributions.

It would be expected that the tYeibull distribution would

y ield the b e t t e r  fi t . The Ray leigh d i s t r ibu t ion  is a fun c-

tion of the variance of the data , whereas the Weibull dis-

tribution is a function of higher moments about the mean .

Neither theoretical distribution adequately describes ob-

served distributions which are ~iulti-mo da1.

Black ’s (1973)  observ ation s of wave periods showed a

d i s t r i b u t i o n  wh i ch was skewe d to the ri gh t .  This does not

18



f i t  well  with the syu~ ietrical  Longuet -Hi ggins ( 1975) distri-

bution . It was foun d that  the per iod d i s t r ibu t ion  more

closely followed the Rayleigh distribution than the period

square as proposed by Bretschneide r (1959). It was found

that the Weibull distribution most closely f i t  the empiri-

cal PDF , but there is considerable variation in the peaked-

ness parameter. His attempts in relating the period statis-

tics to the position on the reef were unsuccessful. He

feels that this is due to the non-linearities of the waves

in shallow water.

In this  thesis , the empir ica l  data col lected for  breaking

waves were comp ared with the Rayleigh distribution .

D . JOINT PROBABILITY DENSITY FUNCTIONS

A study of the joint PDF for wave heights , ~~~, and lengths ,

\ , which can be viewe d as hei ghts  and periods ) was accom-

p lished by Bretschneider  (1959) .  The general form of the

join t PDF for  two re lated variables (~~, .k )  is the product  of

the marginal PDF ( p ( n ) )  ari d the con di t ional  PDF (p ( ~~) ) .

p(n , A ) = p ( n ) ’ p ,~(X )  (6)

then

p(n) = (p(n, \ ) dX  ~
(
~

) 
f~~~(~ )d~ (7)

Assuming that  the marginal PDFs are Ray leigh , l3ret-

s chneider (1959) examined the extreme cases of 0 and +1 cor-

• r e l a t ion . For the case of zero correla tion , the marginal

19 
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j
Rayleigh PDFs are given by

p (
~

) n exp ( 2 / 4) H / f l  (8)

p ( X )  = \ ( . 2 / 4) ;~ (9)

For zero correlation , i.e. total independence (Figure 3),

the joint PDF is ,

p (n,X) = p(n) p(A ) (10)

so that the joint PDF of hei ghts and lengths is given as ,

2 2p (n, .k) = n exp (— -r fl / 4 ) .  \ exp ( — ~ i~ /4) (11)

In terms of he ights and periods , equation 15 is ,

= 1.35 ~ exp(-~ n
2/4). r~ exp (-0.675 T

4 ) (12)

where r =

For the case of to ta l  depen dence , the correla t ion coef-

f icien t is equa l to one . For a correlation coefficient of

one , all data points on a p lot of joint Rayleigh PDF s fa l l

on a 45 degree straight line passing through the origin ,

i= ,
~=O. Assuming that a joint Rayleigh distribution is appli-

cable , the fol low ing rela tion app lies:

p(n ,.k) ~ n exp(-~~i
2/4) •\ exp(- r\ 2/4) (13)

wh i ch is p lotted in Figure 3.
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Collins (1970) studied the PDFs of breaking waves de-

rive d from deep water  wave s having a j o i n t  Ray leigh distri-

bution of heights , lengths and ang les. He assume d t h a t

H = ‘(d , where H is the b reake r  he ig h t , d is the breaker

depth , and y is the breaking criterion assumed. The limit-

ing f actor of waves break ing in the surf zone :iieids a dis-

tribution better approximated by a truncated Rayleigh dis-

tribution . As expected , he found that the longest deep water

waves were associated with the largest breaking waves.

Collins (1970) concluded from the study of the joint

PDFs of wave he ights  and lengths , that  the e f f e c t  of deep

water  ang le of approach is re la t ive ly  minor for break ing

waves.  The breaking  wave s teepness  was foun d to be ve ry

sensitive to the choice of breaking criteria.

A theoretical expression for the joint distribution of

wave periods and ampli tudes was derive d b y Longuet -~~iggins

(1975) for a narrow frequency spectrum

______ 
2

~. exp (—~ (l+~~ ) / 2 )
(2 ~r)

where ~ and r~ are the normalized amplitudes and periods

as de fined by ,

= a/~~~ ( 15)

and

n = ( t — < ~~ ’ ) / v < T >  (15)

where ‘. is defined in equation 5. The wave amplitude

•1~~

--.- .-~~~ j
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is a , ‘j
0 

is the zero th moment of the energy spectrum ,

and <~~~ > i. the mean wave period. Longuet-Higgins (1975)

compared this theoretical distribution of oce an waves to

that of the deep water data obtained by Bretschneider (1959)

and found good agreement.

Chakrabart i  and Cooley (1977 )  comp are d the t heo re t i ca l

jo in t d i s t r ibu t ion  of Longuet-Hi ggins (197 5)  with wave da ta

re corde d during a 1961 s t o r m  in the Nor th  A t l a n t i c .  The

spectrum of the.~e waves did not fall in the category of

narrow-band. Through the comparison , it was found chat

there was a considerable agreemen t at the higher wave heights ,

but a definite trend away from the theoretical curve at the

lower wave heights .
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III. EXPERIMENT

A . EXPERIMENTAL SITES

Three d i f f e r e n t  Ca iifo~~~ia exper imenta l  s i tes  were used

to obtain  data on the three types of b reak ing  waves--p lun g-

• ing, sp i l l ing ,  and col lapsing.  During the per iod  4 March to

10 March 19 ’5 , p lunging and s p i l l i n g  wave s were measured b y

Galvin (1975)  on Del Monte Beach , Monterey , California.

This locale was chosen becaus e the waves are highl y re fracted

and d i rec t ional ly f i l t e r ed , y ie ld ing narrowbande d swell  off-

shore which imp inges almost perpendi cular ly  on the beach .

On 29 ~ay 1975 Calvin (1975) conducted a secon d experi-

men t on the Carrnel River Beach , which is located approxitiate-

ly five miles south of Monterey, California. This area is

in an embaymen t , where the wave s are again hi ghly  r e f r a c t e d

and d i rect ional ly  f i l t e r e d. The beach at this s i te  is ve ry

steep resul t ing in p lunging and of ten  col lapsing ari d s urging

breakers . Due to the steepness of the beach and the rap i di ty

of breaking of the shoal ing waves , r e f l ec t ed  wave s are f ound

to be p r e s e n t .

Sp i l l i n g  breakers  on a gent ly slop ing  beach we re measure d

in March 1977 at Torre i Pines Beach , a s i t e  jus t no r th  of

La Jolla , California (Olsen , 1977) .
‘ On 3 and 9 March 1978 data were collected by t h i s  author

on Del Monte Beach , Monterc.y, California. On the firs t day

of the experiment , very narrowb ande d swell wa s obs erve d
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breaking  on the shore , ma in ly  of the  plun g ing type .  A s to rm

arrived la te  on 3 March and cont inue d th rough  9 March . w ind s

of approximately 15 knots :iielde d a very confused sea.

Breakers were of both the sp illing and p lunging tyDe and

were observe d to break at various small ang les re la t ive  to

the beach . Sea s u r f a c e  e levat ions and ve loc i t i e s  were col-

lected for  approximate ly three  hours on each of these days

on both the flowing and ebbing sides of high tide .

B. INSTRUMENTS

Capaci tance  type gauges were used to  measure the ch an ge

• in the sea surface elevation as explained b y Thornton et  a l .

(1976). The wave gauges were constructed of 3/3 inch pQl;J_

propy lene cove re d s t a in l e s s  s t e e l  rod. Ca l ib r a t i on  was

accomp lished in the laboratory staticall y b y lowering the

wave gauge in to  a deep water tank. Dep th of in~ ersion was

then p lo t t ed  against  vo l t s .

The ve loc i ty  of the water  pa r t i c l e s  was measured wi th

Marsh-M cB irn ey Mo de l 721 and 722 E l e c t r o m a gn e t i c  Cur ren t

meters . These flowrnecers work on Faraday ’ s p r i n c ip l e  of

e lec t romagnet ic  induction and are capab le of  recording the

p a r t i c l e  veloci t ies  in or thogonal  d i rect ions  in a p lane.

The meters  were dynamical ly  ca l ibra ted  in the labora tory .

Ca l i b r a t i on  was accomp l i shed  by o s c i l l a t i n g  the current

meters  in a w a t e r  tank with a p r e s c r i b e d  mot ion  s imula t ing

the flow conditions which would be expected to be found in

the surf zone . The flowrnerer voltage output was found to

be linear in the veloci ty ranges found in the breakers .
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All ins truments wer e p laced on towers in the surf zone

at low tide at the expected poin t  of breaking of the wave s

for the subseq uent high tide . Each tower held a capacitance

• wave gauge and an e lec t romagne t ic  f lowm et er .  The flowmecer

• . was placed below the wave gauge , approx imate ly  0 .5  m from

the bo t tom , to insure constant submergence . Data were col-

lected within an hour or two on both the ebb and flow side s

• of high tide . Analog recordings were made on both a strip

• chart and magnetic tape .

C. DATA ANALYSIS

All signals were digitized frorff the i r  ana log  form b y

means of a Vidar Corporation 32-channe l digital data acqui-

s i t ion  s y s t e m . The di gi t i zed  data were then p roces sed  on

an lEN 360/67 computer . Reco~rd lengths of approximately

30 m in u t e s  from each data set  were ana lyzed .  Sp e c i f i c  de-

t a i l s  of the ana lys i s  can be found in Appendix A.

The ~a~ a were edi ted  b y excluding any value g rea te r

than si.~ standard deviations from the mean and rep lacin g

that value with the previous value . The values were then

l inear ly  detrended to exclude the  e f f e c t s  of the r i s i ng  or

f a l l i ng  t ides .  The mean and variance of sea surface  eleva-

tions were ca lcula ted for  each record as wel l  as the mean

and variance of the hei ghts , periods and maximum ve loc i t ies

al l  of which are de f ined on page 2 7 .

It was des ired to only examine the sea-swel l  band of

frequencies lying between 0 .03- 1 .0  Hz (JO s ec- i .  sec ). Hence ,

the data were passed  through both  a hi gh and low pass digital

f i l t e r .
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The high pass filter had a c u t - o f f  f requency of 0 .03  :lz

(30 sec) . The hi gh pass filter used a Fast Fourier Trans-

form (FFT) algorithm to obtain the Fourier spectrum of the

• en ti re 30 minute record.  The Fourier  c o e f f i c i e n t s  corres~~on d-

• ing to 0-0.03 Hz were then used to synthesize a low frequency

time series which was subtracted from the wave record.

The low pass filter was a 25 weight inverse transform

filter (Davidson , 1970), as sho~m in Figure 4. A cut-off

• frequency of 1.2 Hz was used with a terminal frequency of

1.3 Hz.

Wave heights were determined from the surface elevation

record by means of the zero-up-cross method. The zero-up -

cross technique de fines a wave period as the interval between

• adj acent upcrosses .  The maximum and minimum of the surface

elevation wi thin  the interval defines the crest and trough

of a wave . Maximum onshore particle velocities were calcu-

lated from the flowmeter records . Maximum onshore velocity

was defined as the maximum ve locity amplitude occurring be-

tween successive zero upcrossings as defined by the sea

surface elevation record. Joint PDFs of wave height and

per iod , wave height and maximum velocity , and maximum veloc-

ity and period were calculated from the analyses .

Heig hts and maximum veloci ti e s  were normal ized  by divi d-

ing by their respective standard deviations. The periods

we re norma lized by divid ing by their mean per iod .  The nota-

tion used is

H = H’/c~

V = V ’ /c (1 7)

T = 

. •~~~~~
•• . • • • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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where heights (H’), maximum velocities (V’), and periods

(T’) are the values as determined by the zero-up-cross

method. ~ is the mean period , and : and : are the

s tandard deviations of the su r face  e levat ions and pa r t i cle

velocities respectively. histograms were calculated for

the normalized heights , periods , and maximum velocities.

• The histograms were transformed into PDFs by dividing the

• number of value over an interval by the total number of

values in the array and by dividing by the interval width.

The mathematical expression for the exact PDF is

p (x) = u r n  x-~O 
1 ~l~J f l J~~X1} (13)

where is the number of times the variable occupies art

in terva l , N is the total number in the record observed ,

is the interval width and p(x) is the PDF . A restri c-

tion on the probability density is that

-

p(x)dx = I

0

Join t probability density functions of periods versus

heights , velocities versus heights and per iods versus

velocities were calculated in a similar fashion . A 15 by 15

grid was used to determine the frequency of val’~.es which

simultaneously fill each joint interval. Mathematically

the p robability that the array s x and y sirnulcaneousli

assume values within the range (x , x+~x), (y, y+Lv) ma~ be
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ob tained by taking the ratio of the total number of times of

each occurrence within a bin , 
~
1xy ’ and the total nurtber of

observations , N . The exact probability density is approached

• as the number of observations approaches infinity the interval

widths approach zero. The joint PDF can be de fined as:

p ( x ,y) = lim 1 ~1im ~~~~~~~~~~~~~~~~ ( 19)x - ~~~ ~x~ y N - ~~~~[~ ~
y -

~~~~~~~

with the restriction

f f p ( x ,y) dx dy

Th e energy density spectrum (power spectrum ) was obtained

by means of a Fast Fourier Transform (FFT) algorithm . The

energy density spectrum tells how the variance is distributed

with respect to frequency .

The spectral width parameter was calculated using the

equation :

I
~~ ~~rn, -rn~~

= 
V ‘+ (2 0 )

m0m4

where m0, 1.~~, and m4 are the spectral moments (Cartwri ght

and Longuet-Higgins , 1956) .  For £=0 the waves have only one

freauencv and the energy spectrum would be represented b:T a

sp ike. As ~-~l the sea sur face  can be descr ibed as a broad-

ban d process for which the distribution would be Gaussian

and the spectrum would approach a horizontal line . Swell

30



can therefore be described as a narrow-band pr ocess and seas

as broad-band. Due to the appearance of secondary waves , a

narrow-banded deepwater spectrum of waves broadens in the

surf region .

The correlation coefficients of the joint values were

calculated to obtain a measure of the amount of linear rela-

tionship of ran dom pair s of values of per iods and heights ,

velocities and heights , and p eriods and ve locities ,

i (x. -x) (y. -y)
r (x ,y) = 

~~ 
1 (2 1)

where i~ and ~ are the samp le means , x~ and are

the sample standard deviations.
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IV . DISCUSSION

Miller (1976) concluded that breaker shapes form a con-

• tinuous gradation of shapes from spilling to D iunging. Each

breaker type undergoes the same processes , but differs only

in the magnitude of the vortices generated. The probability

density functions appear to show a similar gradation . Two

simp lified cases , for sp illing and p lunging, were chosen to

represent extreme examp les and are used for all  di scuss ion s .

The L~ March 1975 data most simply represent the p lunging

case and the 16 March 1977 data represent the spilling case.

The results for all data are given in Appendix C.

In both examp les for spilling and ~ lun ging bre aker s , the

offshore waves appeare d as narrow band swell. A spectral

analy sis of the surface elevation records in the surf zone

yielde d spectral width parameters ranging from 0.94-0.97

(see Append ix A) , sugges ting a broad band spectrum in the

surf zone. The broad spectral width can be attributed to

the non-linear wave-wave interactions yielding harmonics in

the breaking zone.

In order to determine the ori gin of the large spec t ra l

width p arame ter , ~ was calculated in the ranges of 0-0.25

Hz , 0-0.50 Hz, 0-1 .0 ~Iz and 0-nyquis t frequency . The analy-

sis revealed that large values of the spectral width para-

meter occurred in all cases. In the case of 0-0.25 Hz which

contains the first three harmonics , e was greater than 0.7 ,
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which was the case with the smallest . It is conclude d

that the change from a narrow deep water spectrum to a

broad-band shoaling spectrum is primarily due to generation

of secondary waves at harmonic frequencies.

A. PERIOD PROBABILITY DENSITY FUNCTIONS

Bretschneider (1959) made the assumption that the wave

len gths were Ray leigh distributed; using this assumption

and the linear wave theory relationshi p

L = ~~~T
2 (2 2 )

the wave periods sq uared woul d be Ray leigh distributed in

deep water . Bre tschne ider ’ s analysis can be extended to

the shallow water case using the shallow water app roxirna-

tion for wave leng th

L =  /~~~T (23)

Assuming the wave lengths are Rayleigh distributed , the

periods in shallow water would be expected to be Rayleigh

dis tribu ted.

The per iod PDF s for  p lunging and sp ill ing examr les are

shown in Figures 5 and 6 respective ly.  The Ray leigh PDF has

been superimposed on the period PDFs for comparison . The

fo rmul as used for the Rayle igh PDF for  var ious parame ter

transformations are given in Appendix A. In both the spill-

ing and p lun ging wave examp les , it is noted that the period

PDFs only loos e ly follow the Rayleigh PDF . The Rayle igh PDF
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overpredicts the wave periods greater than the Rayleigh mode

value , and unde rpredic ts  the observe d periods less than the

peak Ray lei gh value . The t runcation of the long period

wave s is probably  due to the large r per iod  wave s b reak ing

fa r the r  o f f sho re  and then re forming to be recorde d b y the

stationary wave gauge as higher frequency waves .

The spilling example for 16 March 1977 , shown in Figure 5 ,

has the mode lying close to the maximum of the superimposed

Rayle igh PDF . The peak of the bre aking wave distribution

is located at the first harmonic of the offshore wave period ,

which is attributed to the secondary waves. A peak corre-

sponding to the peak offshore wave period is absent.

The plunging waves , as represented by the 4 March 1975

record in F igure 6 , are multimodal. Since the Gaussian , Gr am-

Char lier , Raylei gh and Weibul l  PDFs are unimodal , non e of the

theore tical PDFs will adequately describe multi-mo dal PDFs

for this particular p lunging surf condition .

Two strong peaks are found to occur in the p lunging

breaker pe rio d PDF . The longer period is found to correlate

well with peak period of the wave spectrum . The shorter wave

period appears at app roximately the first harmonic. Since

the center period of the bin is used to represent the inter-

val , the magnitude of the peaks and the proximity to bar-

monics as represented by the labels is a function of the

interval width and the interval cutoffs. A 30 bin PDF was

calculated for better resolution to determine if the peaks

were harmonics and Figure 7 shows that they are .
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The waves periods as determine d by a zero-up-cross of

• the surface elevation record for spilling con ditions yields

a poor indication of the peak of the energy spectrum which

• corresponds to the mean offshore wave period. In the sp i ll-

ing br eak er case , the mean period corresponded to the firs t

harmo nic of peak in the energy spectrum . For the p lunging

breakers , the mean period correspon ded to a valley in the

period PDF between the p rimary and firs t harmonic peri ods .

The appearance of strong peaks at one half the offshore wave

period is indicative of the importance of non-linearities

in the form of secondary waves in the surf zone .

B. HEIGHT PRO BABILITY DEN SITY FUNCTIONS

Wave he ight PDFs for the plunging and spilling wave ex-

amp les are shown p lotted against the theoretical Ray lei Th

PDF in Figures 5 and 6. The height PDF for sp illing waves

is not as easily described as the period PDF . The hei ght

PDF is loo se ly descr ibed by the Rayleigh PDF. The major

he ight peak is centere d at 2.2. The Raylei gh PDF ov~ resti-

mates the density of the small ~;ave observations and tends

to underestimate the density of the large waves. The hLights

are truncated at appro ximately six standard deviations . Since

the wave gauge is stationary and therefore the depth of the

water is essentially fixed , this truncation occurs due to

the breaking of the large waves seaward of the wave gauge .

The calcul ated mean he ight value on 16 March 1977 lies at

2 . 7 , which actually corresponds to a dip in the PDF relative

to the peak intervals on either side .
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The mean height observe d in the -~ Mar ch 1975 ~ lun g~ng

breaker PDF was calculated to be at 2.4. The observe d P1W

is found to be strong ly bimo dal with peaks at 1.8 and 3. 4.

The strong b imodality is attributed to the very narrow band

incident wave system and the generation of secondary waves

at the first harmonic.

C, JOINT PROBABILITY DENSITY FUNCTIONS (T vs H)

The joint PDF of periods and heights  for  the p lunging

and spilling examples are contoured in Figures 5 and 6; the

distributions for all cases are found in Appendix C.

It is noted that the longest wave periods are associated

with the greatest wave heights suggesting stron g correlation

between periods and heights. The correlation coe fficient

was calculated for all cases and varied between 0.60 and 0.80.

Bretschneide r (1959) examine d the two special cases of joint

Ray leigh distributions with correlations of 0 and +1. Per-

fect correlation between two variables would result in

correlation coefficien t of 1.0 and a straight line in the

joint P1W.

The joint Ray leigh POF for the case of a correlation co-

efficient of zero is plotted in Figure 3 . Zero corr e la tion ,

or statistical indepen dence , results in the joint PDF being

spread out as compared with the ctrai ght line for perfect

corre lation . The amount of spread is a measure of the reduc-

tion in correlation .

Figure 5 is an example of p (-I ,T) f or plunging breakers

and shows two reg ions of hi gh density . The bimodality of
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p(H) and p(T) are reflected in the p(H ,T). The maximum peak

period , which corresponds to the peak in the wave spectrum ,

is highly correlated w i t h  the primary peak of wave height s.

Th e second high density region corresponds to the first

harmonic of the primary wave period. The joint PDF suggests

strong wave-wave interactions in a p lun ging wave s~’stem re-

suiting in energy transfer to harmonics .

Two distinct contour groups are no longer apparent in

Figure 6 for the sp illing case , but rather one long contour

is found. Since the hei ght PDF and the period ?DF are only

we akly bimodal , it follows that a single contour grout

should be found. The area of maximum joint density is found

to be associated with the first harmonic of the offshore

wave p er iod , and the mode of the observe d breaker heights.

Greater density was found at short periods and heights

for all records than predicted by the Ray lei gh PDF . A h igh

• frequen cy wave riding on a long per io d wave causes an add i-

tional zero crossing as the longer wave passes through zero .

Most previous comparisons of heights or periods of waves have

been don e using pr essure sensors which greatly f i l te r the

• hi gh frequenc ies due to hy drodynamic attenuation . Capaci-

tance wave staffs and electromagnetic flowmeters have good

response times and thus measure high frequencies . Therefore ,

even thoug h the data were filtered at 1 Hz , all records showed

peaks at the shortest periods and heigh ts .
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• D. VELOCITY PROBABILITY DENSITY FUNCTIONS

The velocity PDFs were calculated as the maximum onshore

• velocities within the period segments determined by the zero-

up- crosses of the surface elevation record as shown in Fig-

ures 8 and 9. Using this technique can resul t in both posi-

• tive and negative maximas for onshore particle velocities

• (i.e., d2v/dt < 0).

The velocity PDFs for spilling bre akers and p lung ing

bre ak er s are sh own in F igures 8 and 9. The theoretical

• Rayleigh PDF is superimposed on the same graphs for compari-

son. It is apparen t that neither the spilling or p lunging

case is adequately described by the Rayleigh PDF. The veloc-

• ity PDF for spilling breakers appears to be syumietrical , with

the mode value falling at the bin with center velocity of

1.5. There also appears to be a small peak value at 0.3.

Wh en comp ar ed with the plung ing ca se , it is found that the

p eaks occur at the same normal ized ve loc ities .  The p lunging

wave P DF is b imodal and has rel atively few occurrences of

nega tive on shore veloci ties .

E. JOINT PROBABILITY DENSITY FUNCTIONS (V vs H)

The joint prob ability distributions of velocities and

heights are shown in Figures 8 and 9. The results show high

correlation between velocities and heights. The high posi-

tive correlation suggests that the larger maximum onshore

velocities are correlated with the larger wave heights .

Fi gure 8 shows the plunging breake r case.  Two peak areas

are found to occur in the joint PDF which reflects the
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bimodality of the individual PDFs. The joint PDF for the

p lunging waves suggests a highl y correlated case (0.68) in

which the largest onshore velocities occur due to waves of

greatest height.

The sp illing case as shown in Figure 9 also shows high

correlat ion ( 0 . 7 0 ) .  For this example , there is only one

major peak which corresponds to the individual PDFs which

are essentially unimodal. The peak area of the joint PDF

has been shifted toward higher waves and gr eater veloc ities

than the plunging case .

F. JOINT PRO BABILITY DENSITY FUNCTIONS (T vs V)

Figure s 10 and 11 sh ow join t PDF s of periods and veloc-

ities in which the periods were determined from the zero-up -

cros ses of the wave gauge re cord and the coinciden t maximum

onshore velocities are determined from the flowmeter record.

The results are similar to the joint PDF of p eriod and

heights .  Sp illing wave s , as con toured in F igure 11 , show one

main contour group . The maximum spi l l ing p robab i l i t y  is

found at the in tersect ion of period 0 .84  and veloc ity 1 . 5 .

The plunging waves as found in Figure 10 reveal two contour

peaks . One large con tour group is associated with the poin t

represen ting the offshore period 1.56 and a velocity of 1.5.

The second large contour is a function of the first harmonic

wave period of 0.84 and a velocity of 0.3.

The negative values of the maximum velocity indicate

that , during a wave period defined by the zero-up-crosses

of the surface elevation , the maximum velocity can be negative .
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The jo in t PDF of wave hei ght and veloci ty shows that  the

negative velocities are associated with the low wave heights.

The joint PDF of velocity and period shows that small nega-

tive velocities are correlated ~iith the short periods .

Ther efore , it is conclude d the negative velocity maxima

are associated with short periods and low wave heights. The

• secondary waves occur after the passage of the primary wave

crest and have a peak near the trough of the primary wave ;

the velocities associated with the primary wave would be

negative maximum in this region so that  the measured veloc-

ity , which is a sum of the primary and secon dary waves , can

be small or negative .
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V. CONCLUSIONS

Waves in the surf zone are a highly non-linear process

which is evidenced by the appearance of secondary waves .

The secondary waves appeare d in the PDFs at the first har-

monic of the primary period.

The joint probability density functions of the breaking

wave properties show high correlations. The correlation

factor ranged between 0.60-0.80 for periods and heights

and suggests that the greater the wave period , the higher

the breaker height will be. High correlation between the

periods and velocities and the heights and velocities sug-

gests that the maximum onshore velocities are a function

of wave periods and breaker heights.

Bre ak ing wave s may be viewed as a gradation between

two extremes , spilling and p lunging breakers . The differ-

ence between the spilling and plunging breakers becomes

apparent in the joint PDFs. The spilling breakers yield a

joint POF which has only one high density contour region ,

whereas the plunging breakers show two high density contour

gr oups .  The high density contour groups appear to be most

associated with the period PDF .

The joint PDF (p(T,H ) )  of spill ing breakers has a tnaxi-

mum density at a wave period equal to one half the peak

period of the wave energy density spectrum , i.e. the firs t
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harmonic. The corresponding velocities (p(v,T)) or heights

(p (H ,T)) were likewise found to be unimodal with a peak den-

sity which is driven by the first harmonic wave period.

Plunging breakers , at the opposite end of the gradation ,

yield a bimodal joint PDF. The two major contour group s

appear to be a result of the bimo dal density distribution

of the periods . The two peak densities of the period PDF

are representative of the peak of the wave density spectrum

• and a first harmonic. Due to the high correlation of periods

and heights , the corresponding PDF of wave heights appears

to be bimodal. The joint PDF of period and velocity and the

joint PDF of velocity and heigh t suggests high correlation

between these variables. The maximum onshore velocities

appear to be correlated with both wave periods and wave

heights .

A truncated Rayleigh PDF was found to loosely approxi-

mate the empirical period and the height PDFs of spilling

breakers . This truncation seems to be the result of long

period waves with their associated larger breaker heights

breaking prior to the arrival at the wave gauge . The mode

of the sp illing wave period distributions corresponds to the

first harmonic of the peak of the energy density spectrum.

The smoothed appearance of the spilling wave periods PDF ,

relative to the p lunging case , appears due to the smearing

which occurs with the appearance of harmonics greater than

the first. The velocities PDFs of spi1ling waves , where the

velocity maximum is determined as in Section D , yields a
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syn~ etrical distribution with some negative onshore veloc-

ities present. Since the Rayleigh distribution is undefined

for negative values , the resulting fit of observed data with

the theoretical Rayleigh distribution is poor .

The PDFs of the p lunging breakers are poorly  described

by either the Rayleigh PDF or other existing theoretical

PDFs such as the Weibull PDF. Theoretical PDFs are unimodal ,

whereas the empirical PDFs under p lung ing conditions are

strongly b imo dal. The high correlation found in the joint

PDFs for wave heights and maximum velocities also results

in a bimodal distribution both in the velocities and the

heights  PDFs .

The mean wave p e riod as obtain ed by the zero-up-cross

method in the surf zone is a poor indicator of the me an

offshore wave period. Spectral analysis of the breaking

waves shows an energy peak corresponding to the primary off-

shore wave period , but the period PDFs of breaking waves

have a strong peak at the first harmonic of the wave spectra

peak. Plunging waves had high density peaks in the period

PDF corresponding both to the peak of the wave spectrum and

to its first harmonic. The result is that the me an of the

breaking waves falls between the primary and the fi rst har-

monic wave period. The mean period of breaking waves there-

fore is a poor estimation of the mean period of the incident

waves.
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APPENDIX A

STATISTI CAL PARAMETERS CALCULATED

1. Due to the variatiofl of samp ling frequencies between the

different experiments , it follows that some of the other

statistical parameters will also vary . A summary of these

parameters follows where is the Nyquist frequency , ~f

is the resolution , ~ t is the interval between samp les and

T is the length of samp led record in minutes.

DATE ~~~(Hz) ~f (Hz) ~t ( s amp l e/ sec )  T (min)

4 MARCH 1975 2.5 6.1xl0 4 0 .200 2 7 . 3
5 MARCH 1975 2 . 5  6 . lx l0 4 0 . 2 0 0  2 7 . 3
6 MARCH 19 75 2 . 5  6 . l x l O 4 0 . 2 00 2 7 . 3
8 MARCH 1975 2 .0  4.8x 10 4 0 . 2 5 6  3 5 . 0

29 MAY 1975 2.0 4.9xl0 4 0 .256  35 .0

16 MARCH 1977 2 .0 4.9x10 4 0 . 2 5 0  34 .1
17 MARCH 1977 2.0 4.9x10 4 0 . 2 5 0  34 .1
19 MARCH 1977 2 . 0  4 .9x1 0 4 0.250 34.1

3 MARCH 1978 2 . 0  4 .9x l0 4 0 .250  34.1
9 MARCH 1978 2 . 0  4 .9xl0 4 0 . 2 5 0  34.1

2. Tables of calculated statistical parameters follow where

= sea surface elevation (rn )
v = instantaneous particle velocities (rn/sac)

VM = maximum onshore particle velocities (rn/sec)
LR = length of record for calculated statistics (mm )

= spectral width parameter

H = wave height Cm)

T = wave period (sec)

r = correlation coefficien t
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APPENDIX B

• MATHEMATICAL DERIVATION OF NORMALIZED RAYLEI GH DI STRIBUTIONS

Wave heights , periods and velocities have been compared

with the Ray leigh distribution

2
p(A ) = —~~~

-
~~
- exp (-

where A is the non-normalized value . Since all parameters

are normalized in this paper , the following conversion was

made :

let A ’ = A/~

then
p ( A ’)  = p (A) (a,) A=A ’ o

p ( A ’ ) = p(A ) d(A’ o) 
=

for wave heights

p (H) = 

~~~~ 
exp(-½ (~~—)

2)
n

H H 1 H 2
4~ 

exp (-~~(~~~) )
n n

for  maximum velocities

p (V) = 

Z~~
2 exp(_½ (~~

_)2)

p(
~~~~ 

~~~

for periods

p ( T )  = 
~~~~~~~~
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where =

T T 1 T 2
p (—) = 2 exp (--~(~-~) 

)
40

then

= ~~
. exp (-~~(

1)2)
T T
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APPENDIX C

PROBABILITY DENSITY FUNCTI ONS

The following tables consist of both the normalized

joint probability density functions , and the individual

prob ability density functions as labeled. The PDF tables

coincide with Figures 5 thru 11 , respectively.

The top table is the joint PDF. The top line and the

left column represen t the center period , height , or

velocity point of each of the 15 bins. The numbers in

the other columns and lines represent the frequency of

occurrence in the respective bins .

The bottom table represents the individual PDFs as

labeled. The top line of the individual PDFs is the

center point of the individual bins . The second line

represents the frequency of occurrence in the bin.
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